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ABSTRACT
We explore the possible dependencies of galaxy metal abundance and star-formation rate (SFR) on
local environment, focusing on the volume of space in and around the Boo¨tes Void. Our sample of star-
forming galaxies comes from the second catalog of the Hα-selected KPNO International Spectroscopic
Survey (KISS) which overlaps the void. This sample represents a statistically complete, line-flux-
limited ensemble of 820 star-forming galaxies, all of which possess metallicity and SFR estimates. We
carry out two distinct analyses of the KISS galaxies: one which probes the properties of the entire
sample as a function of local density, and a second which details the properties of 33 KISS star-forming
galaxies located within the Boo¨tes Void. In both cases we find no evidence that either the metallicity
of the KISS galaxies or their SFRs depend on the environments within which the galaxies are located.
Our global analysis does show weak trends for decreasing stellar mass, decreasing metallicity, and
decreasing SFRs with decreasing local densities. However, we argue that the metallicity and SFR
trends are artifacts of the stellar mass - local density trend. In particular, the change in metallicity
with density is precisely what one would predict from the mass-metallicity relation given the observed
drop in stellar mass with decreasing metallicity. Likewise, the SFR trend with density disappears when
one instead considers the mass-normalized specific SFR. The KISS galaxies dwelling in the Boo¨tes Void
are found to have nearly identical metallicity and SFR properties to a matched comparison sample,
despite the fact that the former are located in density environments that are, on average, more than
16 times lower.
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1. INTRODUCTION
This paper presents an analysis of the chemical abun-
dances and star-formation rates of a large sample (N =
820) of emission-line galaxies located in fields that cover
the Boo¨tes Void and its immediate surroundings.
Voids in the large-scale structure of the universe can
yield information on cosmological parameters, be used
to study dark energy, and test non-standard models of
gravity (e.g., Liebscher et al. 1992; Moss et al. 2011; Li
et al. 2012; Clampitt et al. 2013; Lam et al. 2015).
Substantial numbers of voids are now found from red-
shift data (e.g., Patiri et al. 2006; Platen et al. 2007;
Pustilnik & Tepliakova 2011; Pan et al. 2012; Varela et
al. 2012; Pustilnik et al. 2013; Mao et al. 2017; Libeskind
et al. 2018) using a variety of void-finding algorithms. A
large void is typically 20-50 Mpc in diameter with an un-
der density δv = ρv/〈ρ〉 - 1 ∼ −0.9. Thus in addition to
applications to cosmology, the low densities in voids rel-
ative to those in galaxy clusters and filaments provide
different environmental conditions and an opportunity
for studying the role of environment on galaxy forma-
tion and evolution.
The growth of voids has been studied by many authors
using cosmological models (for some recent reviews, see
van de Weygaert & Platen 2011; Einasto et al. 2011;
Cautun et al. 2014). Due to its underdensity, a void
expands faster than the Hubble flow; matter flows from
the void center as it expands and forms a higher density
wall where the more rapidly expanding inner shells of
material catch the slower expanding outer shells at the
mature ‘shell crossing’ phase. Recent models find that
structure inside voids is complex and voids will contain
a weak filament structure (Aragon-Calvo & Szalay 2013;
Alpaslan et al. 2014). Simulations indicate that galax-
ies formed in lower-density regions have younger stellar
ages, which appears to be consistent with observations
(e.g., De Lucia et al. 2006; Kreckel et al. 2012), but stan-
dard ΛCDM theory indicates that the underdense voids
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would contain many low mass dark matter halos. These
halos’ galaxian counterparts are unobserved, however,
which creates ‘the void phenomenon’ along with the ‘too
big to fail problem’ which challenge the ΛCDM model
(Peebles 2001; Hoeft et al. 2006; Tikhonov & Klypin
2009; Peebles & Nusser 2010; Nasonova & Karachent-
sev 2011; Papastergis et al. 2015). Tinker & Conroy
(2009) proposed a solution which requires there to be a
critical mass threshold below which void galaxies can-
not form enough stars and consequently are dark. Sain-
tonge et al. (2008), Peebles & Nusser (2010), Kreckel
et al. (2011c), and Pan et al. (2012) point out, how-
ever, that such an arrangement may be somewhat con-
trived and that even if there are no observable stars,
H I should be detectable. Nevertheless, these consid-
erations indicate that void galaxies might differ from
those in higher-density regions. The environmental con-
ditions inside the voids and their walls could produce
observable effects on the evolution and properties of the
galaxies there, such as reduced star formation rates and
lower chemical enrichments. However, this simple ex-
pectation has not been found to be the case in most
studies to date.
Many studies of void galaxies’ properties, including
optical spectra and photometry, have been published
(e.g., Popescu et al. 1997, 1999; Grogin & Geller 2000;
Hogg et al. 2004; Rojas et al. 2005; Collobert et al.
2006; Patiri et al. 2006; Wegner & Grogin 2008; Hoyle
et al. 2012). Combined with H I surveys (Szomoru et al.
1996; Huchtmeier et al. 1997; Kreckel et al. 2011a, 2012,
2015; Ricciardelli et al. 2014; Moorman et al. 2014, 2015,
2016; Douglas et al. 2018), this has resulted in a general
consensus that the lower density environments within
which the void galaxies reside has only a small effect
on their properties. Rather, most authors conclude that
the characteristics of galaxies in voids are more strongly
set by the immediate surroundings associated with their
dark matter halos.
These previous studies have found that, generally,
galaxies observed in voids are lower-mass systems with
blue colors. Void galaxies do not differ significantly in
structure from the same types of objects found in higher-
density regions. Some studies have found apparent dif-
ferences in key properties for at least some void galaxies.
From a dynamical study of two early-type void galax-
ies, Corsini et al. (2017) found that these objects pos-
sess lower dark-matter content than early-type galaxies
in high-density environments. Furthermore, a handful
of very metal poor and high M/L void galaxies have
been found (Kreckel et al. 2011b; Pustilnik et al. 2013),
highlighting the importance of further searches for low-
luminosity systems.
The Boo¨tes Void is one of the most studied voids in
the nearby universe. Following Kirshner et al. (1981,
1983, 1987) the void is located between roughly α =
206◦ − 240◦ and δ = +32◦ −+57◦ in the redshift range
z = 0.04 − 0.06. Early work concentrated on optical
spectroscopy and imaging (Tifft et al. 1986; Strauss &
Huchra 1988; Weistrop & Downes 1988; Dey et al. 1990;
Peimbert & Torres-Peimbert 1992; Weistrop et al. 1992,
1995; Cruzen et al. 2002) and objective prism surveys
(Sanduleak & Pesch 1982, 1987; Moody et al. 1987).
The results of these investigations support the conclu-
sions described above: void galaxies have properties
consistent with their morphologies and luminosities, be-
ing typically gas rich blue disk galaxies (although some
early-types are present). These earlier studies provide a
heterogeneous set of objects for looking at the proper-
ties of emission-line galaxies (ELGs) in the Boo¨tes Void
region. We have therefore undertaken a new project to
study the ELGs within and around the void.
The current study utilizes a large sample of ELGs cat-
aloged as part of the KPNO International Spectroscopic
Survey (KISS; Salzer et al. 2000), all of which possess
self-consistent metallicity and star-formation rate (SFR)
estimates. A primary goal of this project is to explore
possible environmental dependencies on these two pa-
rameters. We carry out this study using a two-pronged
approach. The first is to look at the characteristics of
the KISS ELG sample as a function of local environ-
ment. This part of the sample utilizes the full catalog
of KISS star-forming galaxies in the Boo¨tes Void field.
The second portion of the study looks at the metallicities
and SFRs of the specific KISS galaxies that are located
within the Boo¨tes Void and compares them with those
found in the surrounding higher-density regions. A stan-
dard ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and
H0 = 70 kms
−1 Mpc−1 is assumed in this paper.
2. KISS EMISSION-LINE GALAXY SAMPLE
2.1. Description of Spectroscopy
KISS employed a low-dispersion objective prism on
the 0.61 m Burrell Schmidt telescope on Kitt Peak
to carry out a comprehensive survey of ELGs in the
nearby universe. The objective-prism spectra covered
two distinct wavelength ranges: λλ 6400-7200 (KISS red
(KR), selected primarily by the Hα line (Salzer et al.
2001; Gronwall et al. 2004b; Jangren et al. 2005a)) and
λλ 4800-5500 (KISS blue, selected primarily by the [O
III]λ5007 line; (Salzer et al. 2002)). The second KISS
red spectral survey strip (hereafter KR2; Gronwall et al.
2004b) was centered on the declination of 43.5◦ and tra-
versed the entire width of the Boo¨tes Void slightly below
its putative center. The full RA coverage of KR2 was
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Figure 1. Spectroscopic diagnostic plot for the full sample
of KR2 emission-line galaxies. Star-forming galaxies (SFGs)
are plotted as dots, while Seyfert 2 galaxies and LINERs are
plotted as triangles and squares, respectively. The solid line
that coincides with the SFGs represents a locus of model H II
regions from Dopita & Evans (1986), while the dashed line is
an empirical curve separating SFGs from AGN (Kauffmann
et al. 2003). Note that not all KR2 galaxies are plotted here,
since in some cases the follow-up spectra are not of sufficient
quality to yield reliable measurements of the four relevant
emission lines (see text for details).
11h 55m to 16h 15m, and it had a declination extent of
∼1.8◦. A total of 1029 ELG candidates were cataloged
in KR2 in a survey area of 65.8 deg2, including 12 that
were identified as likely residing within the void based
on their objective-prism redshifts.
A program of quick-look follow-up spectroscopy has
been carried out by members of the KISS collaboration.
Spectroscopic observations for the KISS ELGs are pre-
sented in (Wegner et al. 2003; Gronwall et al. 2004a;
Jangren et al. 2005b; Salzer et al. 2005b). These spectra
were necessary for determining accurate redshifts and
for ascertaining the activity type of each galaxy (e.g.,
star forming versus AGN). In addition, the spectra were
used to infer metallicity estimates for the star-forming
galaxies in KISS (e.g., Melbourne & Salzer 2002; Mel-
bourne et al. 2004; Lee et al. 2004; Salzer et al. 2005a;
Hirschauer et al. 2015, 2018). A large number of spec-
tra of KISS galaxies located in and around the Boo¨tes
Void were obtained specifically for this project using the
MDM Observatory 2.4-m telescope and the Ohio State
Boller and Chivens spectrograph.
All 1029 KR2 galaxies possess follow-up spectra. Of
these, 101 were found to be false detections from the
objective-prism survey, and 25 were detected via their
[O III]λ5007 line (see Salzer et al. 2009), and hence are
at redshifts well beyond the volume of space under con-
sideration in this study. The remaining 903 galaxies
are bona fide ELGs located within the redshift range
covered by the KISS red survey (0 to 0.095). Figure 1
shows an emission-line ratio diagnostic diagram (a.k.a.
BPT diagram; Baldwin et al. (1981); Veilleux & Oster-
brock (1987)) of the KR2 galaxy sample. The location
of each object in Figure 1 allows them to be classified
into their appropriate activity type. Based on the infor-
mation present in their spectra, we classify 820 as star-
forming ELGs, while the remaining 83 are AGN (either
Seyfert 1 (9), Seyfert 2 (23) or Low-Ionization Nuclear
Emission Region (LINER, 51)).
2.2. Properties of the Sample
The current study focuses on the metallicity and SFRs
of the KISS star-forming galaxies as a function of their
local environment. Metallicities are derived using the
O3N2 abundance calibration presented in Hirschauer et
al. (2018). For 70 KR2 galaxies the existing follow-up
spectra do not contain the necessary emission lines to
allow us to compute an O3N2 abundance. For these
galaxies the abundances are estimated using the mass-
metallicity (M-Z) relation presented in the Hirschauer et
al. (2018) study. SFRs are calculated using the Kenni-
cutt (1998) relation: SFR = LHα/7.9 × 1042, where the
Hα luminosities are derived from the distances to each
KISS galaxy inferred from their redshifts, along with
the Hα fluxes measured from the discovery objective-
prism spectra. The latter were considered to be a su-
perior measurement of the total Hα emission for each
KISS galaxy, as opposed to using the fluxes from the
slit spectra.
A series of histograms illustrating the basic proper-
ties of KR2 galaxies is shown in Figure 2. The ap-
parent B-band magnitude distribution (panel (a)) has
a median value of B = 18.02, which is comparable to
the magnitude limit of the Sloan Digital Sky Survey
(SDSS) redshift survey (e.g., Strauss et al. 2002). Only
44% of the KR galaxies were observed spectroscopically
by SDSS (Hirschauer et al. 2018), which means that
at any distance in the volume under study the KISS
galaxies reach between 1 and 2 magnitudes deeper than
the SDSS redshift survey (see below). The absolute
magnitudes plotted in panel (c) have a median value
of MB = −19.05, roughly one magnitude fainter than
M∗B , the characteristic luminosity that represents the
location of the “knee” in the Schechter (1976) lumi-
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Figure 2. Histograms exhibiting the basic characteristics
of the KR2 sample. Panels (a) - (d) include all 903 KR2
galaxies that are Hα-detected, while panels (e) - (f) plot
only the star-forming ELGs (N=820). (a) Apparent B mag-
nitudes for the KR2 galaxies; median B = 18.02. (b) Mea-
sured redshifts; median z = 0.0615. The survey has a hard
upper redshift limit of 0.095. (c) Absolute B-band magni-
tudes; median MB = −19.05. (d) Log(M?), the stellar mass
in M; median log(M?) = 9.96 M. (e) Metallicity values
for the KR2 star-forming galaxies; median log(O/H)+12 =
8.86. (f) Log(SFR), the star-formation rate in M/yr; me-
dian log(SFR) = 0.07 M/yr.
nosity function. For comparison, the luminosity of the
LMC is roughly 0.5 magnitudes fainter than the KR2
galaxy median value (McConnachie 2012). The major-
ity of the KR2 galaxies possess intermediate luminosi-
ties, although ∼10% have luminosities fainter than the
SMC (MB = −17.5), making them true dwarf galaxies.
Stellar masses (panel (d)) were derived using a multi-
wavelength SED fitting method (UV through IR; see
Hirschauer et al. (2018) for details). The panels show-
ing the O/H abundances and SFRs (panels (e) and (f))
plot only the N = 820 star-forming KR2 galaxies. The
distribution of derived abundances is peaked around the
median value of log(O/H)+12 = 8.86, but with a strong
tail to lower values. We note that the KISS abundances
are nearly always a measurement of the central value,
which tend to be systematically higher by up to 0.5 dex
compared to abundances measured further out in the
disk. The median SFR is ∼1 M/yr, consistent with ex-
pectations for a sample of intermediate luminosity star-
forming galaxies. A modest tail reaches up to SFR ∼100
M/yr, while a handful of the dwarf KR2 galaxies have
SFR <0.01 M/yr.
3. DENSITY ANALYSIS OF KR2 VOLUME
In this section we describe our methodology for char-
acterizing the density environment within the volume of
space covered by the KR2 ELG survey. Since a primary
goal of this project is to study the effects of environ-
ment on the abundances and star-formation rates of the
KR2 galaxies, it is important that we do not utilize the
KISS sample to characterize the environment. Rather,
we use an independent, comprehensive redshift catalog
of galaxies to describe the density distribution.
We utilize the galaxy redshifts available from the
Sloan Digital Sky Survey (SDSS; Data Release 7 (Abaza-
jian et al. 2009) was used), supplemented with redshifts
for the brighter galaxies in our survey area taken from
the Updated Zwicky Catalog (UZC; Falco et al. (1999))
to define the distribution of galaxies in our survey vol-
ume. We searched these two catalogs for all objects
located in an extended region that includes the KR2
survey area as well as a generously-sized bordering re-
gion. The region covered by our comparison catalog is
11h 44m to 16h 28m (176◦ – 247◦) in RA and 40◦ to
47◦ in Dec. This allows for a border around the KR2
survey region of at least 2.5◦ on each side. This bor-
der region allows us to derive accurate densities for the
galaxies found in KR2 without the impact of any serious
edge effects (see below). Figure 3 shows the geometry
of our survey regions, with the smaller KR2 survey area
denoted by the red rectangle. The total number of ob-
jects in the comparison sample of SDSS+UZC catalog
galaxies is 14577.
A cone diagram illustrating the distribution of the
galaxies in our survey volume is shown in Figure 4. The
redshift range covered by the cone is limited to veloci-
ties under 30,000 km s−1. This is because the KISS red
survey is limited to galaxies with z < 0.095 (∼28,500
km s−1) due to the filter used to obtain the objective-
prism images (Salzer et al. 2000). The KISSR galax-
ies are plotted as small red circles, while the compari-
son sample of SDSS+UZC galaxies are shown as small
black dots. The SDSS+UZC galaxies shown cover the
full seven degree declination range of the comparison
sample, while the KR2 galaxies are only found in the
central 1.8◦ region denoted in Figure 3. The large-scale
structure within the survey volume is very well delim-
ited by the galaxies in the comparison sample. The large
red circle in Figure 4 denotes the location of the Boo¨tes
Void (see Section 5).
GALAXIES IN THE BOO¨TES VOID 5
Figure 3. Sky map showing the region considered in this study. The red rectangle denotes the area covered by the KR2 survey
(RA range 11h 55m to 16h 15m (178.5◦ – 244.4◦), Dec range 42.55◦ – 44.35◦). The comparison sample of galaxies with redshifts
in the UZC and SDSS catalogs covers the RA range of 11h 44m to 16h 28m (176.0◦ – 247.0◦) and 40.0◦ to 47.0◦ in Dec. Each
small black dot represents a galaxy in the comparison catalog (N=14577). The lower density of dots in the RA range ∼220◦ –
230.0◦ coincides with the central region of the Boo¨tes Void.
Figure 4. Cone diagram for the extended region considered in this study. This covers the full volume of the comparison sample
(7◦ in declination) shown in Figure 3 out to a redshift of 30,000 km s−1. The KISS survey covers only the middle ∼1.8 degrees
of this volume (Declination extent). Black dots are comparison galaxies, red circles are KISS galaxies. The large red circle
denotes the location of the Boo¨tes Void used in this study.
6 Wegner et al.
We assess the local density environment using a stan-
dard N-nearest neighbors algorithm. Our analysis ex-
cludes all galaxies with observed velocities less than 2100
km s−1(z < 0.007) since for these galaxies redshift is not
a reliable indicator of distance. Furthermore, for these
small distances the survey boundaries are all very close
to the galaxies, making the determination of the local
density less accurate. There are only ten KR2 galax-
ies with z < 0.007, meaning that the final sample used
in the density analysis is N = 893. For each galaxy in
the input catalog, the 3D separation is computed to all
galaxies in the SDSS+UZC comparison catalog. The
distances to the N nearest galaxies are tracked until the
entire comparison catalog has been searched. The den-
sity in the vicinity of the target galaxy is then computed
as N divided by the spherical volume out to the distance
of the Nth nearest neighbor. We experimented with the
value of N that gave the most robust results, trying val-
ues between 5 and 20. We settled on N = 15 for the
current study, since it provides a good balance between
the desire to make N large enough to provide adequate
sampling while not making it so large that survey edge
effects became important.
As alluded to above, our use of the extended border
region surrounding the KR2 survey volume (Figure 3)
meant that we rarely encountered this edge-of-survey
problem. For example, when the densities for the KR2
galaxies were derived the 15th galaxy was encountered
prior to the search radius reaching the nearest edge of
the survey volume in 94.2% of the cases. For the handful
of KR2 galaxies that were affected by the edge-of-survey
limitation, we resorted to computing the density using
those galaxies that were located within the distance as-
sociated with the nearest survey boundary. In 98.3%
of the cases, the density was computed using at least
5 nearest neighbors. All cases where the survey edge
was reached prior to the 15th galaxy being found fall at
lower redshifts, closer to the apex of the wedge-shaped
volume. At the distances associated with the Boo¨tes
Void the linear dimensions of the border regions were
sufficient to ensure that edge effects were not an issue.
Since the SDSS+UZC comparison catalog is magni-
tude limited, it suffers from increasing incompleteness
at larger distances. Hence, the densities derived using
this catalog will decrease as the distance increases. This
is seen in the left panel of Figure 5, which plots the
uncorrected volume densities derived for the galaxies in
the KR2 sample. There is a strong distance dependence
on the mean density (red points). This effect is easily
compensated for using the luminosity-function normal-
ization method (Postman & Geller 1984), which corrects
the observed number densities for decreasing sampling
Bootes Void
Bootes Void
Figure 5. Uncorrected (a) and corrected (b) volume densi-
ties for the KR2 galaxies. The red points in both plots rep-
resent the mean value for log(density) in evenly spaced (45
Mpc separation) distance bins. The drop on the mean den-
sity at the distances covered by the Boo¨tes Void is evident in
both plots, despite the fact that the averages are computed
for all galaxies at these distances, not just those in the RA
range covered by the void. In the corrected data the mean
density is roughly constant outside the region occupied by
the Boo¨tes Void, indicating the validity of the corrections
applied.
with redshift. We have corrected our densities using this
method, employing the luminosity function parameters
derived by Blanton et al. (2003) for the SDSS galaxies
(M∗g = −20.1 and α = −0.89). The results of this
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Figure 6. (a) Histograms showing the distributions of densities computed for the KR2 galaxies (red; N=893) and for the
comparison SDSS+UZC sample galaxies located within the celestial footprint of the KR2 survey volume (black, N=3548). The
KR2 histogram has been scaled up by a factor of three for better comparison with the SDSS+UZC sample. The distributions
of densities appear similar, although the KISS sample is offset slightly to lower densities (b) Cumulative density distribution
plots for the same samples plotted in panel (a). This plot clearly shows the modest offset in density between the two samples,
in the sense that the KISS galaxies are located at slightly lower densities on average. The offset in the median densities is 0.14
dex galaxies/Mpc−3, meaning that the KISS galaxies have a median density 27% lower than the SDSS+UZC sample.
correction are shown in the right panel of Figure 5,
where the median density values in representative dis-
tance bins are now constant outside the region covered
by the Boo¨tes Void.
The results of our density computations are shown in
Figures 6 and 7. Figure 6a presents histograms show-
ing the distribution of galaxian densities for both the
galaxies in the SDSS+UZC comparison catalog and the
KR2 ELG sample. The densities for the comparison
sample were derived by first creating a sub-sample of
SDSS+UZC galaxies that occupied the same volume of
space as the KR2 galaxies. For each comparison sam-
ple galaxy located within this volume, its density was
derived using the full SDSS+UZC catalog in a manner
exactly analogous to how the KR2 densities were com-
puted. Hence, the densities for the comparison galax-
ies and KISS ELGs are directly comparable. The his-
tograms show that the two samples overlap completely
in terms of their density environments. However, the
two distributions are offset slightly, in the sense that
the KISS galaxies are located in slightly lower den-
sity environments, on average. The median densities
are 0.0803 galaxies/Mpc3 for the SDSS+UZC galaxies
and 0.0583 galaxies/Mpc3 for the KISS sample (27%
lower). The median density of the star-forming sub-
sample of the KR2 galaxies is only slightly lower: 0.0570
galaxies/Mpc3. Figure 6b plots the same information
but in the form of a cumulative distribution function
(CDF). A Kolmogorov-Smirnov (K-S) test applied to
the CDFs confirms that the differences in the two dis-
tributions are strongly significant. The probability that
the two density distributions shown in Figure 6a are
drawn from the same parent population is essentially
zero.
Cone diagrams that illustrate the spatial distribution
of the density environments of the comparison and KISS
ELG galaxies are shown in Figures 7. The local galaxian
density is coded by the color of the symbols, binned into
four density regimes: red for highest density, black for
moderately high, blue for intermediate, and green for
low density (see Figure caption for precise density values
for each group). Consistent with the results shown in
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Figure 7. Cone diagrams of the comparison and KISS galaxies located within the KR2 survey region (1.8◦ in declination),
where the color of each point indicates the local galaxy density. The upper plot shows the galaxies in the comparison SDSS+UZC
sample that lie within the boundaries of the KR2 survey area (N = 3548). Four density regimes are illustrated: high density
(red points, log(ρgal) > −0.5 Mpc−3), moderate density (black points, −0.5 > log(ρgal) > −1.2), intermediate density (blue
points, −1.2 > log(ρgal) > −1.9), and low density (green points, log(ρgal) < −1.9 Mpc−3). The lower plot shows the locations
of the KISS ELGs in precisely the same volume of space. The color scheme used for the dots is identical to that of the upper
figure. The large red circle in both plots denotes the location of the Boo¨tes Void used in this study.
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Figure 6, the KR2 ELGs are found in all density regimes
from high to low. However, there is a higher percentage
of KR2 galaxies in the intermediate and low density bins
(51.5%) compared to the comparison sample (42.3%)
again suggesting that the ELGs have a tendency to be
located in slightly lower density environments than the
SDSS+UZC galaxies.
The results of the density analysis presented in this
section are used in the subsequent sections to explore
how the properties of the KISS ELGs vary as a function
of local galaxy density.
4. GLOBAL CHARACTERISTICS OF THE KISS
ELGS AS A FUNCTION OF LOCAL DENSITY
As described in § 1, we divide our investigation into
the properties of the KISSR galaxies as a function of
environment into two components. In the current sec-
tion, we look at the physical characteristics of the full
KR2 sample versus the local density environment. This
allows us to take advantage of the full catalog of KR2
ELGs. In the subsequent section we focus on the prop-
erties of the KISSR galaxies located within the Boo¨tes
Void.
We explore the characteristics of several physical prop-
erties as a function of local galaxy density: stellar mass
(M∗), B-band absolute magnitude (MB), oxygen abun-
dance (log(O/H)+12), star-formation rate (SFR), and
specific star-formation rate (sSFR = SFR / M∗). In
each case, we plot the given property for the relevant
KR2 galaxy sample versus density. Each diagram also
shows the trend of the given property versus density for
the KR2 star-forming galaxies by plotting median val-
ues computed using two different binning schemes. In
one case, the data are binned using a fixed bin width
(∆(log(ρ) = 0.25 dex; red dots in Figures 8 – 12), while
in the second the bin widths are variable but the num-
ber of galaxies in each bin is fixed as N = 64 (green dots
in Figures 8 – 12).
4.1. Stellar Mass and Luminosity as a Function of
Environment
We begin by considering the density distribution of
two parameters that quantify the size/bulk of the KR2
galaxies: stellar mass (M∗) and B-band absolute magni-
tude (MB). Figure 8 plots the logarithm of stellar mass
versus the logarithm of the local density for all 893 KR2
galaxies with density measurements. This includes 83
KISS AGN, which appear in the figure as the smaller
green dots. Not surprisingly, the AGNs are strongly
biased toward the higher masses: they have a median
log(M∗) of 10.76 M, compared to 9.88 M for the KISS
KISS SFG 
KISS AGN
Figure 8. Stellar mass (M∗) plotted versus local density (#
Mpc−3) for the KISS galaxies. The total number of galaxies
plotted is N=893. Of these, 83 are AGN (Seyfert 1’s (N=9),
Seyfert 2’s (N=23) and LINERs (N=51)); the AGN are plot-
ted as green dots. The remaining 810 objects (black dots) are
star-forming galaxies (SFGs). The larger red and green dots
represent the median stellar masses in binned ranges of den-
sity for the KISS SFGs only. The green dots are binned such
that there is a fixed number of galaxies in each bin (N=64);
the spacing between the bins varies. The red dots represent
bins of fixed width (0.25 dex) but with variable numbers of
objects per bin. Only bins with 12 or more galaxies are plot-
ted. There is a trend for the median stellar mass to decrease
with decreasing local density.
SFGs (a factor of 7.6 times higher mass). However, there
is only a slight tendency for the AGNs to be located in
higher density regions: the median local density for the
AGN subsample is only a factor of 1.67 times higher
than it is for the SFGs.
Focusing now on the SFGs, it is clear that the KR2
galaxies are found with a full range of masses at all den-
sity regimes populated by the sample; Figure 8 is essen-
tially a scatter diagram. However, the median values of
the binned data do show a weak trend for the KR2 SFGs
to have lower masses at lower densities. For densities
above log(ρ) ∼ −1.5 galaxies/Mpc3 the median density
is essentially constant (large red and green dots). At
lower densities the median stellar mass drops by 0.38
dex over 1.0 dex in density (a factor of 2.4).
Similarly, Figure 9 shows the distribution of B-band
absolute magnitude versus local density for the KISS
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KISS SFG 
KISS AGN
Figure 9. B-band absolute magnitude (MB) plotted ver-
sus local density (# Mpc−3) for the KISS galaxies. The
total number of galaxies plotted is N=893. Of these, 83 are
AGN (Seyfert 1’s (N=9), Seyfert 2’s (N=23) and LINERs
(N=51)); the AGN are plotted as green dots. The remaining
810 objects (black dots) are star-forming galaxies (SFGs).
The larger red and green dots represent the median absolute
magnitudes in binned ranges of density for the KISS SFGs
only. The green dots are binned such that there is fixed num-
ber of galaxies in each bin (N=64); the spacing between the
bins varies. The red dots represent bins of fixed width (0.25
dex) but with variable numbers of objects per bin. Only bins
with 12 or more galaxies are plotted.
galaxies. As in the previous figure, the KISS AGNs
are plotted as small green dots, which trend toward
the higher luminosities. The median absolute mag-
nitude of the KISS AGNs is nearly a full magnitude
more luminous than the the correseponding value for
the KISS SFGs (−19.91 for the AGNs versus −18.96 for
the SFGs). The KISS SFGs exhibit a fairly constant
median absolute magnitude (large red and green dots)
over most of the density range covered by our sample,
then drop by nearly 0.6 mag over the two lowest lumi-
nosity bins (red points). This roughly mimics the behav-
ior of the stellar masses in Figure 8. These results are
consistent with previous studies that have found sub-
tle differences in the clustering characteristics of lower
luminosity/mass galaxies (e.g., Salzer et al. 1990), in
the sense that galaxies in voids tend to be lower mass
systems.
4.2. Metallicity and SFR as a Function of
Environment
Figure 10. Oxygen abundance plotted versus local den-
sity (# Mpc−3) for the KISS star-forming galaxies. The
total number of galaxies plotted is N=810. These are the
same objects as the black dots in Figure 8. The larger red
and green dots represent the median oxygen abundances in
binned ranges of density. The green dots are binned such
that there is fixed number of galaxies in each bin (N=64);
the spacing between the bins varies. The red dots represent
bins of fixed width (0.25 dex) but with variable numbers of
objects per bin. Only bins with 12 or more galaxies are plot-
ted. Both sets of binned data show a trend for decreasing
abundance as a function of local density. For the fixed bin
size data (red points) the decrease in the median abundance
is 0.20 dex over a 2.5 dex drop in density. The solid blue line
represents a weighted linear fit to the red points, as described
in the text.
Next we turn our attention to the main focus of this
study: the role that local environment has on the metal
abundance and star-formation characteristics of galax-
ies. As stressed earlier, every star-forming galaxy in the
KR2 sample possesses both a metallicity estimate and
a measured SFR. The complete nature of our sample
means that our results are free from any selection biases
beyond those inherent in the construction of the KISS
ELG sample itself.
Figure 10 displays the distribution of measured oxy-
gen abundances versus local galaxy density. As with our
previous plots, the individual KR2 galaxies populate a
wide range of parameter space in both quantities being
plotted. The trend for the KR2 ELGs to possess high
abundances is evident in the higher density of points
near the top of the figure. The median abundances in
the density bins show a clear trend of decreasing abun-
dance with lower galaxian density. For example, the
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Figure 11. Hα star-formation rate (SFR) plotted versus
local density (# Mpc−3) for the KISS star-forming galaxies.
The total number of galaxies plotted is N=810. These are
the same objects as the black dots in Figure 8. The larger
red and green dots represent the median SFRs in binned
ranges of density. The green dots are binned such that there
is fixed number of galaxies in each bin (N=64); the spacing
between the bins varies. The red dots represent bins of fixed
width (0.25 dex) but with variable numbers of objects per
bin. Only bins with 12 or more galaxies are plotted. Both
sets of binned data show a weak trend for decreasing SFR as
a function of local density. For the fixed bin size data (red
points) the decrease in median SFR is ∼0.26 dex over a 2.5
dex drop in density. The solid blue line represents a weighted
linear fit to the red points, as described in the text.
median abundance drops from 8.96 to 8.76 (∆log(O/H)
= −0.20) over a 2.5 dex drop in local density (red points)
between log(ρgal) = 0 and log(ρgal) = −2.5. A weighted
linear fit to the red points in Figure 10 (solid blue line)
yields a slope of 0.066 ± 0.022. This fit results in a value
of ∆log(O/H) = −0.166 ± 0.069 between log(ρgal) =
0 and −2.5. Hence, while the data support a system-
atic drop in the metallicity of the KR2 galaxies at lower
galaxian densities, the overall trend is small and of only
moderate statistical significance (2.4 σ).
The KR2 ELG sample exhibits a similar behavior in
the plot showing the distribution of log(SFR) versus lo-
cal density (Figure 11). Galaxies in the density regime
of log(ρgal) ∼ −1.0 show a range in measured SFRs of
∼4.4 dex (factor of ∼25,000), clearly indicating that the
local density is not the sole driver for either high or low
levels of star formation. Despite the large scatter in SFR
as a function of density, the binned median values again
Figure 12. Hα-derived specific star-formation rate (sSFR)
plotted versus local density (# Mpc−3) for the KISS star-
forming galaxies. The total number of galaxies plotted is
N=810. The larger red and green dots represent the me-
dian sSFRs in binned ranges of density. The green dots are
binned such that there is fixed number of galaxies in each
bin (N=64); the spacing between the bins varies. The red
dots represent bins of fixed width (0.25 dex) but with vari-
able numbers of objects per bin. Only bins with 12 or more
galaxies are plotted. Both sets of binned data show at most
a weak trend for increasing sSFR as a the local density de-
creases. The solid blue line represents a weighted linear fit
to the red points, as described in the text. The slope of the
fitted line is consistent with zero.
show a modest trend for lower SFRs to occur in galaxies
located at lower density regions. Our weighted linear
fit to the red points in Figure 11 (solid blue line) has a
slope of 0.120 ± 0.045. The implied drop in log(SFR)
between log(ρgal) = 0 and log(ρgal) = −2.5 is -0.30 ±
0.14 (i.e., a drop in SFR by a factor of 2.0+0.8−0.6). This
drop in SFR as a function of local density is certainly
non-negligible, but once again is of modest statistical
significance.
For completeness we present a plot of the logarithm of
the specific star-formation rate (sSFR) versus the local
density in Figure 12. The KR2 sample exhibits a large
scatter in sSFR similar to what is seen in the other plots
in this series. In the case of the sSFR, however, there
is little discernible trend with galaxian density. The
formal linear fit to the binned median values (red points)
delivers a slope of −0.013 ± 0.032, consistent with zero
slope and no trend in sSFR with density. Presumably
this result arises from the fact that while log(SFR) shows
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a weak downward trend with decreasing density, so too
does M∗ (Figure 8). The net result is for the two effects
to approximately cancel in the derivation of sSFR =
SFR/M∗, resulting in the lack of a trend with density.
4.3. Discussion
It would be easy to over-interpret the results presented
above. For example, a simple-minded explanation of the
modest trends seen in Figures 10 and 11 could be that
galaxies in lower density environments undergo fewer in-
teractions with other galaxies, leading to lower rates of
star-formation activity and lower levels of chemical en-
richment. Although this could in fact be the correct
interpretation, the lack of a trend in Figure 12 (sSFR vs
density) seems to imply that there is essentially no de-
pendance of the mass-normalized SFR on environment.
In this case, the decreasing median SFRs with decreas-
ing density seen in Figure 11 would be due to the ten-
dency for the galaxies located at lower densities to be
of lower mass than those at higher densities (Figure 8).
Lower-mass galaxies will naturally have lower SFRs, on
average, simply by virtue of being smaller. This fact
alone could result in the trends found in Figure 11.
An analogous argument can be made about the trend
shown in Figure 10 for the median abundances to de-
crease with decreasing density. The existence of a rela-
tionship between galaxy mass and metal abundance (M-
Z relation) has been known for years (e.g., Lequeux et
al. 1979; Tremonti et al. 2004), in the sense that lower
mass galaxies possess lower metallicities. The recent
study by Hirschauer et al. (2018) derived a linear M-Z
relation with a slope of 0.451 per dex in terms of the
logarithm of the stellar mass, using precisely the same
metallicities employed in the current study. The ob-
served drop in the value of log(M∗) shown in Figure 8 is
0.38 dex. Using the Hirschauer et al. (2018) M-Z rela-
tion slope we infer that a systematic drop in the stellar
mass by this amount would translate into a correspond-
ing drop in the observed O/H abundance of -0.171 dex.
This value is remarkably close to the observed drop in
abundance shown in Figure 10 of −0.166 ± 0.069 dex.
In other words, the observed drop in oxygen abundance
with decreasing local density can be explained entirely
by the expected trends predicted by the M-Z relation.
We conclude that our analysis of the global properties
of the KR2 ELG sample as a function of environment
shows modest trends of decreasing stellar mass, lumi-
nosity, metallicity, and star-formation rate with decreas-
ing galaxian density. However, the observed changes in
abundance and SFR can be fully explained in terms of
the drop in the stellar mass of galaxies in low-density
environments. Whether or not a change in the char-
acteristic stellar mass of galaxies as a function of den-
sity is a universal phenomenon is unclear. The evidence
from the current study suggests that any environmen-
tal dependency of parameters like metallicity and SFR
are essentially non-existent, with any observed changes
simply tracking the lower masses of the galaxies in the
lower density environments.
5. PROPERTIES OF THE KISS ELGS WITHIN
THE BOO¨TES VOID
Our global analysis looking for possible environmental
dependence on the metallicities and SFRs of the KISSR
galaxies has failed to reveal any strong signatures. Turn-
ing now to the KR2 galaxies that are actually located
within the Boo¨tes Void, in this section we identify the
void-dwelling population of KISS SFGs and compare
their properties to a representative sample of KR2 galax-
ies located within higher density environments.
5.1. Definition of Boo¨tes Void sample
We utilize our own density analysis to define the
boundaries of the Boo¨tes Void used of this study. His-
torically, the void has been determined to be located at
a redshift of ∼15,000 km s−1, with a radius of ∼3100
km s−1(∼44 Mpc), and an approximate center of RA =
14h 48m and Dec = 47◦ (Kirshner et al. 1983). Early
spectroscopy of galaxies in the direction of the void
revealed that it is not completely empty, but rather
is threaded with low-density filaments (e.g., Tifft et
al. 1986; Moody et al. 1987; Strauss & Huchra 1988;
Weistrop & Downes 1988; Dey et al. 1990; Weistrop et
al. 1992). Since our slice through the void is at a dec-
lination slightly south of the putative center, we do not
necessarily expect the void “center” location we find to
agree precisely with previous studies.
Starting with the approximate RA, central velocity
and radius found in the literature, we adjusted the posi-
tion and size of the red circle shown in Figures 4 and 7.
Most of our focus was on the comparison sample cone di-
agram (Figure 7a). We adjusted the circle until it maxi-
mized the inclusion of as many of the low density objects
(green points) as possible while excluding as many of the
intermediate density sources (blue and black points) as
possible. Our final void center was very close to the
canonical values listed above. We adopt a velocity =
15,000 km s−1and RA = 14h 50m. The final radius of
the void was set at 3200 km s−1 (45.7 Mpc), slightly
larger than what is typically used. Choosing a circular
boundary to denote the void region was based on a com-
bination of the simplification that this choice imparts on
the analysis plus the fact the the visual appearance of
the low density region in Figure 7a is essentially circu-
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Table 1. Properties of KISSR Galaxies located within the Boo¨tes Void
KISSR RA DEC dcent log(ρgal) Bo (B−V)o MB log(M∗) log(O/H)+12 log(SFR)
degrees degrees Mpc #/Mpc3 M M/yr
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1654 206.988500 43.141650 42.1 -2.39 17.46 0.81 -19.28 10.23 8.96 0.68
1686 209.968028 44.255750 37.2 -1.91 17.14 0.65 -19.80 10.58 9.07 -0.07
1688 210.125417 44.037919 47.8 -2.03 17.84 0.62 -19.28 9.89 8.72 0.37
1706 211.083472 43.874750 42.1 -1.79 17.31 0.70 -19.13 10.17 8.91 0.47
1714 211.357528 43.504125 38.4 -2.13 20.05 0.70 -16.97 8.03 7.76 -0.28
1715 211.360833 43.471147 37.9 -2.20 16.78 0.62 -20.24 10.59 9.02 0.91
1719 211.619222 42.636144 35.2 -2.43 18.87 0.82 -18.10 9.58 8.96 -0.03
1768 216.002917 44.232869 44.9 -2.14 16.64 0.85 -20.56 10.95 8.80 -0.05
1780 216.500750 43.535292 25.9 -2.97 18.20 0.31 -18.80 9.44 8.49 -0.17
1781 216.513861 43.528875 23.4 -3.09 18.02 0.67 -18.94 9.90 8.81 0.46
1800 217.960111 43.087542 57.2 -2.14 18.57 0.42 -18.76 9.54 8.31 -0.27
1819 218.756139 43.945436 49.9 -2.14 19.70 0.53 -17.58 8.93 8.16 -0.16
1826 219.328694 43.238956 42.4 -2.32 18.77 0.36 -17.53 9.06 8.30 -0.98
1855 221.383389 43.241756 26.9 -2.14 17.09 0.57 -19.40 10.09 8.83 0.32
1857 221.604111 43.832222 29.2 -1.98 15.77 0.67 -20.69 10.84 9.12 0.86
1860 221.634250 43.655119 42.0 -2.32 16.74 0.61 -19.56 10.00 8.89 0.26
1866 222.035556 43.094961 25.5 -2.12 18.78 0.60 -17.72 9.21 8.41 -0.30
1876 223.473306 44.013272 36.7 -2.09 16.92 0.64 -19.44 10.33 8.90 0.38
1890 225.602389 43.865211 32.1 -2.27 17.90 0.79 -19.21 10.38 9.06 0.41
1892 225.720056 42.678953 29.6 -1.71 17.91 0.73 -19.17 10.35 9.10 0.38
1895 225.786111 42.648139 37.9 -2.08 16.76 1.05 -19.60 10.84 9.15 0.58
1900 226.123944 43.173114 25.1 -2.16 17.30 0.46 -19.23 9.75 8.91 0.31
1912 227.127528 42.866850 44.3 -1.90 17.36 0.62 -18.93 9.90 8.92 -0.00
1943 230.726556 42.904364 27.9 -2.26 20.63 0.87 -16.32 9.09 8.01 -0.50
1961 233.076056 43.374992 29.9 -2.25 16.88 0.76 -19.99 10.52 9.14 0.60
1962 233.085278 43.374986 29.6 -2.40 18.16 0.57 -18.69 9.54 8.62 -0.14
1969 233.377194 42.694956 44.6 -1.59 19.30 0.97 -17.81 9.98 9.08 -0.19
1998 235.227917 43.515356 45.1 -1.69 18.20 1.00 -18.87 10.25 8.94 -0.10
2032 237.021583 43.120328 43.5 -1.82 18.67 0.65 -18.28 9.71 8.94 -0.35
2056 237.940444 43.457872 45.6 -2.14 17.62 0.71 -19.33 10.28 8.98 0.28
2088 240.834250 43.057700 49.7 -2.03 17.73 0.59 -19.01 9.90 8.94 -0.44
2090 240.916250 43.144914 49.8 -2.02 17.58 0.45 -19.17 9.80 8.87 -0.50
2122 242.550278 43.317939 54.2 -2.13 18.22 0.60 -18.56 9.70 8.78 0.02
lar. We stress that the precise location and shape of the
void boundary is not crucial for our analysis.
Careful examination of Figure 7b reveals a total of 28
KR2 galaxies located within the void. Most are located
in the outer portion of the void. The object closest to
our defined center has a velocity offset of 1637 km s−1,
slightly outside the midpoint between the center and
outer edge of the void. In other words, the central 50% of
the void (in terms of linear distance) is completely empty
of KR2 galaxies (and is largely empty of comparison
galaxies). We modify the KR2 void sample slightly, as
follows: (i) One of the KR2 galaxies located within the
void is classified as an AGN (LINER). We remove it
from the sample considered below since we are primarily
interested in properties associated with star formation.
(ii) We add six KR2 galaxies located just outside the
red circle shown in Figure 7b that are located in the
lowest density regime (green points, log(ρgal) < −1.9
Mpc−3) The reasoning behind adding these additional
objects to the KR2 void sample is that (1) they are
located in density environments equivalent to the void
itself, and (2) there is no reason to assume that the
void is perfectly spherical. Adding these six galaxies
increases our sample of void SFGs galaxies to N = 33.
Table 1 lists the individual KISSR galaxies located in
the extended Boo¨tes Void along with some of their key
properties.
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We note in passing that despite the fact that the KR2
footprint only covers a modest fraction of the Boo¨tes
Void, we still have a robust sample of star-forming galax-
ies with measured abundances and SFRs available to
carry out our analysis. Because of the limited overlap,
most of the star-forming galaxies discovered in the void
in previous studies are not found in our current KR2
sample (see §1).
We also create a sample of KR2 galaxies located in
higher density regions of the survey field. It is this
sample of KISSR galaxies that will form the basis for
the comparison of physical properties between the void
and higher-density samples. The reason for using the
KR2 galaxies for this comparison is because they pos-
sess precisely the same selection function and depth as
the galaxies in the void sample. Furthermore, all KR2
galaxies have essentially identical photometric and spec-
troscopic data. They represent the optimal higher den-
sity environment sample to compare against the prop-
erties of the KR2 void galaxies.
The definition of the KR2 high density comparison
sample has been done to avoid any unwanted biases.
We select all KR2 galaxies that have the following char-
acteristics: (i) star-forming galaxy (all AGN removed);
(ii) redshifts that place them at the same distance as the
void sample; (iii) located in the moderately high or high
density regimes (log(ρgal) > −1.2 Mpc−3). There are a
total 58 KR2 galaxies that fulfill these criteria.
5.2. Properties of the KR2 Galaxies Located within the
Boo¨tes Void
We present a direct comparison of the properties of
the KR2 Boo¨tes Void galaxies against the KR2 galaxies
located in higher-density environments in Table 2 and
Figure 13. Figure 13 presents histograms of observed
and derived properties for the galaxies in the two sam-
ples, while Table 2 presents the sample mean (and its
formal error) and median values for the various prop-
erties for both the void and high-density environment
galaxies, as well as their minimum and maximum val-
ues. The error in the mean is computed in the standard
way (σproperty/
√
N), where σproperty is the sample stan-
dard deviation for the property. We note that this de-
termination of the error in the mean is only approximate
in the cases where the property in question is not well
represented by a normal distribution (e.g., abundance,
density), but in all cases it should serve to illustrate
the degree to which the differences in the means of the
properties between the high- and low-density samples
are statistically significant.
The first two properties listed in Table 2 are the values
of the local galaxy density and spectroscopic redshifts
Figure 13. Histograms presenting the properties of the
KISSR galaxies located within the Boo¨tes Void (N=33; red
histograms), as well as the same properties measured for a
comparison sample of KISSR galaxies located in high density
regions (N=58; black histograms). The high density compar-
ison sample was chosen to match as closely as possible the
redshift range of the void galaxies. The black histograms are
all scaled down so that the areas under the red and black his-
tograms are equal. The local density histograms plotted in
panel (a) show that the two samples do not overlap in terms
of their environment; the mean densities differ by a factor of
16.5. Despite this, the histograms of the other characteris-
tics shown show strong similarities between the low and high
density samples.
for the galaxies in the two samples. As suggested by the
selection criteria discussed above, the two samples have
non-overlapping ranges of local density (Figure 13a),
with the void sample having a mean density 1.22 dex (a
factor of 16.5 times) lower density than the high-density
KR2 galaxies. If there are any environment-driven dif-
ferences between galaxies located in the high- and low-
density regions these two samples should be able to re-
veal them. The mean and median redshifts of the void
and comparison samples are very similar, due to the 2nd
selection criterion used to define the high-density sam-
ple. By matching the redshift distributions in this way,
we effectively eliminate any distance-related biases that
might affect the properties of the two samples. Since
both samples were selected by KISS with the same se-
lection function (e.g., Salzer et al. 2000), and since they
have very nearly identical redshift distributions, any dif-
ferences in properties present between the two samples
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Table 2. Comparison of Properties for KISS Galaxies: Galaxies Located in the
Boo¨tes Void versus Galaxies in High Density Regions
Property Sample Mean Median Minimum Maximum
(1) (2) (3) (4) (5) (6)
log(ρgal) Boo¨tes Void -2.14 ± 0.05 -2.14 -3.09 -1.59
[Mpc−3] High Density -0.93 ± 0.03 -0.97 -1.20 -0.24
redshift z Boo¨tes Void 0.0517 ± 0.0012 0.0543 0.0403 0.0647
High Density 0.0543 ± 0.0009 0.0543 0.0401 0.0619
(B−V)o Boo¨tes Void 0.67 ± 0.03 0.65 0.31 1.05
High Density 0.65 ± 0.02 0.63 0.41 0.99
MB Boo¨tes Void -18.91 ± 0.19 -19.13 -16.32 -20.69
High Density -18.93 ± 0.13 -18.75 -17.00 -21.74
log(M∗) Boo¨tes Void 9.92 ± 0.11 9.90 8.03 10.95
[M] High Density 9.86 ± 0.08 9.84 8.72 11.09
log(O/H)+12 Boo¨tes Void 8.78 ± 0.06 8.91 7.76 9.15
High Density 8.78 ± 0.04 8.87 7.92 9.16
log(SFR) Boo¨tes Void 0.08 ± 0.08 -0.00 -0.98 0.91
[M/yr] High Density 0.04 ± 0.07 -0.06 -0.76 2.32
should be due to the dramatically different environments
probed by the two samples.
The mean density of the Boo¨tes Void galaxies given in
Table 2 (log(ρ) = −2.14 galaxies/Mpc−3) corresponds to
an under density δv of −0.91 if we adopt the median den-
sity of the SDSS+UZC galaxies from § 3 for the global
average density 〈ρ〉. We note that some portions of the
void have densities nearly a factor of 10 lower than the
mean value, as evidenced by the minimum value listed
in Table 2.
Despite the strong differences in the density environ-
ments of the two subsets of KR2 galaxies, the proper-
ties of the galaxies in the void and high-density samples
are very similar. Panels (b) through (f) in Figure 13
show the distributions of (B−V)o color, oxygen abun-
dance, B-band absolute magnitude, stellar mass, and
SFR for the KR2 galaxies in the Boo¨tes Void overlaid
with the same parameters for the high-density sample.
No strong differences are seen in the overall distribu-
tions of any of these properties between the high- and
low-density galaxies, although the histograms do show
numerous small-scale differences. For example, there is
a sharp peak in the absolute B-band magnitudes for the
KR2 void galaxies at ∼ −19.0 (panel d) even though
the overall distributions for the void and high-density
luminosities are quite similar. Likewise, the log(SFR)
distributions show good overall agreement but exhibit
strong differences in a few of the histogram bins between
log(SFR) = 0.0 and 0.5..
K-S tests applied to the CDFs for the data shown
in panels (b) through (f) of Figure 13 return results
that in most cases favor the hypothesis that the void
and high-density distributions are drawn from the same
parent populations. For example, the K-S test applied
to the abundance histograms (panel c) finds that there
is an 90.4% probability that the two distributions of
log(O/H)+12 values are drawn from the same parent
population of metallicities, while for the absolute mag-
nitudes (panel d) there is a 92.4% chance of this being
the case. The corresponding probabilities for the other
three distributions are 76.3% for log(M∗), 63.5% for the
(B−V)o color, and 39.5% for the log(SFR) values being
drawn from the same parent population of objects. Most
of the differences between the void and high-density dis-
tributions appear to be small-scale sampling issues, to
which the K-S test is particularly vulnerable. Only the
log(SFR) K-S test returns a probability of less than 60%
that the two distributions come from the same popula-
tion of objects. The smaller probability is the result of
the two discrepant bins pointed out above. We conclude
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that there is no strong evidence to support the hypoth-
esis that the void and high-density samples are drawn
from different parent populations. In fact, the evidence
tends to support just the opposite conclusion: the prop-
erties of the KR2 galaxies located in the Boo¨tes Void are
quite similar to those found in the high-density regions
nearby.
In further support of the similarities between the void
and high-density galaxies, the mean and median val-
ues of these properties listed in Table 2 show essen-
tially no differences between the two samples. In par-
ticular, the mean value of log(O/H)+12 is identical for
the void-dwelling galaxies and the objects found at the
higher densities, while the mean SFR differs by only 0.04
dex (∼10%), with the high-density galaxies exhibiting a
slightly lower mean value.
Similar to our results from the previous section, we
find no strong differences in the properties of the KR2
galaxies located within the Boo¨tes Void and those found
in higher density regions. The mean and median values
for each of the parameters considered in our analysis are
essentially the same for the galaxies in the two density
regimes. While the minimum values shown in Table 2
reveal that there are a few void galaxies with extreme
properties (lower luminosities, masses, abundances and
SFRs), the overall distributions are indistinguishable.
We conclude that the KR2 galaxies found in the Boo¨tes
Void have evolved in a manner that is quite similar to the
star-forming galaxies located at much higher densities.
6. DISCUSSION AND IMPLICATIONS
Our primary result is that there are no significant dif-
ferences in the metallicities or the star-formation rates
between the KR2 galaxies located in higher density re-
gions and those found in voids. This lack of environmen-
tal dependence is found in both our global study (§ 4)
as well as our detailed investigation of the KR2 galaxies
within the Boo¨tes Void (§ 5). These findings are con-
sistent with most previous studies, after accounting for
sample selection differences.
Several previous studies have considered the metallic-
ities of void galaxies (e.g., Peimbert & Torres-Peimbert
1992; Cruzen et al. 2002; Kreckel et al. 2015; Douglas et
al. 2018), with the latter two studies focusing primarily
on dwarf galaxies. In all cases, the authors conclude that
there are no major differences when comparing metal
abundances between galaxies in voids and those located
in denser regions. These results are completely consis-
tent with our findings. These previous studies tended to
be limited to modest-sized samples with less-than-ideal
control samples (or none at all). One of the obvious
strengths of the current study is that 100% of our sam-
ple of SFGs possess metallicity estimates, allowing us
to construct unbiased samples of high- and low-density
galaxies.
Slightly greater care must be exercised when consid-
ering the results of previous studies that have looked
into the star-formation properties of void versus non-
void galaxies. Many studies have found that galaxies in
voids show systematically higher equivalent width emis-
sion lines (e.g., Grogin & Geller 2000) and higher SFRs
and sSFRs (e.g., Rojas et al. 2005; Ricciardelli et al.
2014; Moorman et al. 2016) when compared to galaxies
in higher density regions. These findings reflect real dif-
ferences between the galaxy populations found in voids
and those found in higher density environments.
However, when exploring whether or not the local en-
vironment has an impact on the star-formation prop-
erties of galaxies, one must carefully control for these
population differences. In studies where the proper-
ties of the non-void comparison sample were matched
to those of the void sample (e.g., similar colors, masses,
gas content), quantities like sSFR were found to be sim-
ilar across environments (e.g., Patiri et al. 2006; Riccia-
rdelli et al. 2014; Moorman et al. 2016). The results of
these latter studies are in good agreement with our find-
ings. We note that we use the KR2 sample in this study
both as the source of the properties of the void galax-
ies as well as for the higher-density comparison sample.
Hence, our sample is property-matched from the start.
This is one of its advantages, and is why it is sensitive
to any possible environmental effects on the constituent
galaxies.
It is worth noting that our density analysis measures
the local galaxy environment on scales of hundreds of
kiloparsecs to a few megaparsecs. We have relatively
little spatial information on scales of tens of kiloparsecs,
where galaxy-galaxy interactions would be taking place.
Hence, we stress that in our study the local “environ-
ment” is being measured on scales that may not capture
the full picture of what is driving the star-formation ac-
tivity. Of course, the KR2 sample should correctly re-
flect all star-formation activity, regardless of the nature
of the triggering event. Furthermore, while this caveat
may be an issue when relating environment to SFR,
it should not matter when comparing environment to
metallicity. This is because the latter parameter is built
up over the lifetime of the galaxy and is less likely to be
affected significantly by individual, small-spatial-scale
interactions.
Our study appears to rule out any significant differ-
ences in the metallicities and SFRs of galaxies as a func-
tion of local environment. It is important to remember,
however, that the samples used in this study are not
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sensitive to the lowest-mass star-forming galaxies at the
distance of the Boo¨tes Void. While the KR2 galaxies in
the Void and high-density samples are well-represented
down to masses of 109.25 M and to luminosities of MB
∼ −18.0 (i.e., comparable to the mass and luminosity
of the LMC), the numbers for truly low-mass / low-
luminosity systems drops off rapidly below these values.
Only a handful of KR2 galaxies qualify as true dwarfs
at these distances. Hence, our study cannot rule out the
possibility that some significant amount of environmen-
tal dependence on metallicity and/or SFR/sSFR is only
manifested in very low-mass dwarf galaxies with masses
and luminosities much less than the SMC (i.e., MB &
−16.5). The recent studies of Pustilnik et al. (2016) and
Kniasev et al. (2018) propose that O/H values of low-
luminosity dwarfs found in nearby voids are systemati-
cally lower than those found in higher density regions.
We find these studies tantalizing. We note, however,
that the Kreckel et al. (2015) study which found no dif-
ferences in the metallicities of void and field samples
also focused on low-luminosity galaxies (MB = −12.0 –
−15.9).
7. SUMMARY AND CONCLUSIONS
We have carried out a detailed analysis of the density
distribution of galaxies located in the direction of the
Boo¨tes Void in order to probe for any potential environ-
mental impacts on the metallicities and star-formation
rates (SFRs) of galaxies. Our sample of star-forming
galaxies is the second Hα-selected catalog of the KPNO
International Spectroscopic Survey (KISS; Salzer et al.
2000; Gronwall et al. 2004b), which consists of a nar-
row survey strip that crosses through the void. All
820 star-forming galaxies in our sample possess self-
consistent metallicity and SFR estimates. We also uti-
lize a deep comparison sample consisting of two comple-
mentary redshift surveys (Falco et al. 1999; Abazajian
et al. 2009) to map out the distribution of galaxies in
our field. A total of 14,577 galaxies are used to define
the density distribution for this study, with the derived
density values covering over four orders of magnitude.
We adopt two approaches to assess the degree to which
the environment impacts the properties of galaxies. In
the first case we explore the dependence of galaxian
properties with local density for the entire volume cov-
ered by the second Hα-selected KISS (KR2) catalog. In
the second we identify the KR2 star-forming galaxies
located within the Boo¨tes Void and compare directly
their properties with a matched comparison sample of
KR2 galaxies located in nearby high-density regions.
Our global analysis looks at the distribution of several
key parameters as a function of local density. These
include stellar mass, B-band luminosity, oxygen abun-
dance, SFR and specific SFR. In all cases, we find that
the parameters cover a large range at all densities: there
are high-mass and low-mass galaxies at both high and
low densities, and there are both low-metallicity and
high-metallicity galaxies at the full range of densities
probed by our project. Nonetheless, the mean values
of these properties do show weak but discernible trends
with density. As seen in Figures 8 through 11, the stel-
lar mass, MB , metallicity, and SFR all show decreasing
trends with decreasing local density. While this would
appear to be direct evidence for environmental impact
on both the chemical evolution and star-formation prop-
erties of the KR2 galaxies, we interpret the trends dif-
ferently. The change in metallicity with density follows
precisely the trend one would predict from the mass-
metallicity relation of galaxies and the observed down-
ward trend of galaxy mass seen in Figure 8. Hence,
we conclude that there is no real impact of environ-
ment on the chemical evolution of the galaxies in the
KR2 sample. Likewise, the downward trend of SFR
with density seen in Figure 11 is due entirely to the
observed mass-density trend. When we plot the mass-
normalized specific SFR versus density (Figure 12) no
density-dependent trend is seen.
For the analysis of the KR2 galaxies that actually re-
side in the Boo¨tes Void, we first analyzed the density
distribution as defined by our deep comparison redshift
survey data in order to properly define the location of
the void boundaries. This was necessary because the
KR2 sample covers only a limited section of the overall
void. Once our void sample of KR2 star-forming galax-
ies was defined (N=33), we constructed a matched com-
parison sample of KR2 galaxies located within the high-
density regions flanking the void. This sample (N=58)
was chosen carefully to match the redshift range covered
by the void galaxies, in order to ensure that no biases
were present. A direct comparison between the prop-
erties of the void and high-density samples revealed no
significant differences between the two samples, despite
the fact that the high-density galaxies are located in re-
gions with a mean local density 16.5 times higher than
the average density of the Boo¨tes Void sample.
In summary, we find no evidence that the properties
of galaxies depend strongly on the local environment.
While we do find a weak trend of decreasing stellar mass
(and a corresponding decrease in B-band absolute mag-
nitude) with decreasing density, we do not find any in-
dication that the metallicity of galaxies or their SFRs
depend on environment. It is the case that our current
sample does not probe down to the lowest masses and
metallicities at the distance of the Boo¨tes Void, so we
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cannot rule out the possibility that environmental ef-
fects may impact the lowest mass galaxies. For masses
above ∼109.0−9.5 M, however, we believe our study
places strong limits on the degree to which properties
like metal abundance and SFR are impacted by the en-
vironment within which a galaxy is located. This in turn
implies that the processes of chemical evolution and star
formation are largely governed by internal processes, at
least for non-merger systems. Since the metallicity of
a galaxy is a measure of its time-integrated star forma-
tion history, our results would seem to imply that the
assembly history of galaxies that are currently located
in vastly different density environments may well have
been similar. This might result naturally if most of the
mass assembly happens at early times before the large
differences in local galaxy density seen in the modern
universe developed.
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